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HYDROFORMYLATION PROCESS‘EUSING 
RESIN-LIGANDeMETAL CATALYST 

This application is a continuation-in-part of applica 
tion Ser. No. 055,225 ?led July 5, 1979, now abandoned, 
which is a divisional of application Ser. No. 905,813 
?led May 15, 1978, which issued as US. Pat. No. 
4,179,403 on Dec. 18, 1979. 

BACKGROUND OF THE INVENTION 

1. Field of the Invention 
This invention relates to a process for ‘hydroformylat 

ing ole?ns to alcohols and/or aldehydes utilizing a cata 
lyst comprising an ion exchange resin with a ligand 
ionically bonded thereto with the ligand coordinately 
bonded to a transition element and with the transition 
element also bonded to the resin. The transition element 
is preferably cobalt, ruthenium, palladium, platinum or 
rhodium. 

2. Background of the Invention 
' The use of heterogeneous catalysts over homogene 
ous catalysts has several advantages such as allowing 
the use of ?xed beds, ease of separation of catalyst from 
the product and catalyst recovery and regeneration. 

Traditionally, to produce heterogeneous catalysts 
from metals of the transition element series, these metals 
have been deposited on inert supports such as alumina 
or silica. More recently, metal catalysts have been cova 
lently attached to inert resin backbones by use of di 
phenylphosphine or other ligands which are attached 
directly to the polymer and coordinately bonded to the 
metal. Typical examples of this type are found in US. 
Pat. No. 3,998,864, issued Dec. 21, 1976, and in Pittman 
et al, Chemtech, p. 560-566, 1973. _ ‘ 

Application Ser. No. 861,916, ?led Dec. 19, 1977, 
disclosed a composition comprising an ion exchange 
resin with an organic linking compound ionically 
bonded thereto and with the linking compound further 
coordinately bonded to a transition element metal. The 
composition of this invention, on the other hand, not 
only has the transition element bonded to the linking 
compound but also to the resin. This dual bonding of 
the metal provides additional stability. The composition 
utilized in the process of this invention is much more 
leach resistant withregard to the transition metal than 
conventional heterogeneous transition metal catalysts. 
The materials utilizing this invention are also relatively 
simple to prepare using commercially available com 

‘ pounds. Their preparations involve no exotic conditions 
and often times may be carried out in an aqueous sol 
vent system and the resins may be easily stripped of 

" . metal and ligands for isolation of the metal species, and 
regeneration of the catalyst. The resin based catalysts 
utilized in this invention have unique selectivity-reac 
tivity properties when compared to their homogeneous 
analogues. ‘ 

SUMMARY OF THE INVENTION 

This invention provides a process for hydroformylat 
ing ole?ns which comprises treating said ole?ns with 
carbon monoxide and hydrogen at hydroformylation 
conditions in the presence of a novel heterogeneous 
catalyst comprising (a) an ion exchange resin, (b) a 
metal selected from the group consisting of cobalt, ru 
thenium, palladium, platinum and rhodium and which is 
directly bonded, either coordinately or ionically, to the 
ion exchange resin and in addition (0) a linking com 
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2 
pound which has at least one moiety coordinately 
bonded to the metal and further has at least onemoiety 
which is ionically bonded to the ion exchange resin. 
The catalysts have unique selectivity-reactivity proper 

' ties when compared to their homogeneous analogues 
and can easily be stripped of their expensive metal com 
ponent and readily regenerated for further use. 

DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 

Processes directed to the production of reaction mix 
tures comprising aldehydes and/or alcohols by the 
reactin of ole?nic compounds with carbon monoxide 
and hydrogen at elevated temperatures and pressures in 
the presence of certain catalysts are well known in they 
art. The aldehydes and alcohols produced generally 
correspond to the compounds obtained by the addition 
of a carbonyl or carbinol group to an olefmically unsat 
urated carbon atom in the starting material with simul 
taneous saturation of the ole?n bond. Isomerization of 
the ole?n bond may take place to varying degrees under 
certain conditions with the consequent variation in the 
products obtained. These processes known in the indus 
try, and referred to herein as hydroformylation, involve 
reactions which may be shown in the general case by 
the following equation: 

R1—CH—ClI-CH2OH + isomeric alcohols and aldehydes 
1 

R4 a 

In the above equation, each R represents an organic 
radical, for example, hydrocarbyl, or a suitable atom 
such as hydrogen or ‘a halogen. The above reaction is 
similarly applied to an ole?nic linkage in a cycloali 
phatic ring. 

In the past, dicobalt octacarbonyl as such or in sev 
eral different forms, generally has been used as the cata 
lyst for the hydroformylation of ole?ns. This catalyst, 
which can be prepared from many‘forms of cobalt, 
usually decomposes rapidly unless high pressures 
(1000-4500 psig) of carbon monoxide are maintained. 
The hydroformylation of the unsaturated compound 

by treatment with carbon monoxide and hydrogen in 
the presence of the catalyst system of the present inven 
tion will be effected at hydroformylation conditions 
which include a temperature in the range of from about 
40° to about 160° C., and preferably in a range of from 
about 60° to about 150° C. In addition, the reaction is 
also effected under superatmospheric pressures ranging 
from 1 up torabout 500 atmospheres or more. The super 
atmospheric pressures are afforded by the introduction 
of gaseous carbon monoxide and hydrogen to the reac 
tion zone or, if so desired, the pressure may be partially 
afforded by the carbon monoxide or hydrogen while 
the remaining pressure is afforded by a substantially 
inert gas such as nitrogen, heliumwor carbon dioxide 
although not necessarily with equivalent results. 
Examples of suitable ole?nic hydrocarbons which are 

utilized as a starting material in the hydroformylation 
process of this invention include, in particular, propy 
lene, butene-l, butene-2, isobutene, pentene~l, pentene 
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methylpentene-l, Z-methylpentene-Z, . heptene-2, 2- 
methylhexene-Z, 3-methylhexene-2, octene-l, octene-2, 
octene-3, heptene-l, nonene-l, decene-l, 3-methy1hep 
tene-l, 2-methylheptene-2, nonene~3, 3-methyloctene-2', 
decene-Z, decene-S, decene-4, decene-3, 3,4-dime 
thyloctene-Z, 4-ethyloctene-2, undecene-3, undecene-4, 
undecene-2, undecene~l, undeCene-S,‘ 4-methyldecene 
2, 4,5-dimethylnonene-2, dodecene-l“, dodecene-2, do 
decene-3, dodecene-4, dodecene-S, tridecene-l, ,tridec 
ene—2, tridecene-3, tetradecene-2, tetradecene-3, tetra 
decene-4, tetradecene-S, 'tetradecene-6, tetradecene-7, 
pentadecene-4, pentadecene-S, pentadecene-6, penta 
decene-l', hexadecene-l, heptadecene-Z, heptadecene-l, 
hexadecene-3, or mixtures of linear internal and termi 
nal ole?ns such as internal ole?ns possessing carbon 
numbers between 11 and 14, 15 and 18 or 18 and 21, etc. 

It is also contemplated withinthe scope of the process 
of the present invention that the hydroformylation may 
be effected in an inert organic medium as exempli?ed by 
n-pentane, n-hexane, , n-heptane, n-octane, n-nonane, 
isooctane (2,2,4-trimethylpehtane), cyclohexane, meth 
ylcyclohexane, benzene, toluene, m-xylene, mesitylene, 
etc. . 

It is understood that the aforementioned ole?nic hy 
drocarbons and inert reaction mediums are only repre 
sentative of the class of compounds which may be em 
ployed in the present hydroformylation invention and 
that the present invention is not necessarily limited 
thereto. _ ‘ 

The desired products of the process of this invention, 
namely, alcohols and aldehydes, are utilized in the 
chemical industry in many ways. For example, alcohols 
are utilized in the synthesizing of other organic deriva' 
tives, as solvents, as an extraction medium, in dyes, 
synthetic drugs, synthetic rubbers, detergents, cleaning 
solutions, surface coatings, cosmetics, pharmaceuticals, 
in the preparation of esters, as a solvent for resin in 
coatings, in plasticizers, dyeing assistants, hydraulic. 
?uids, detergent formulations and dehydrating agents. 
Aldehydes are utilized as perfumeries or precursors to 
perfumeries, or in the synthesis of primary alcohols‘. 
The non-linear alcohols and aldehydes are also utilized 
in the chemical industry in many other ways; for exam- . 
ple, 2-methyl-l-butanol is utilized as a solvent in var 
nishes, lacquers and paint removers. Likewise, a general 
use of the non-linear alcohols andaldehydes is deter 
gent formulatio'ns as exempli?ed by 2-butyl-l-heptanol. 
The ratio of catalyst to the ole?n to be hydrofor 

mylated is generally not critical and may vary widely 
within the scope of the invention. The ratio of catalyst 
to ole?n charge may be varied to achieve a substantially 
homogeneous reaction mixture. Solvents are therefore 
not required. However, the use of solvents Which-are 
inert, or which do not interfere to any substantial de 
gree with the desired hydroformylation reaction under 
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the conditions employed, may be used within the scope _. 
of the invention. Saturated liquid hydrocarbons, forv 

' example, may be used as solvent in the process, as well 
as ketones, ethers'; andthe like. Molar ratios ‘of catalyst 
to ole?n between about lzlOOO and about 10:1 are found 
to’ be .satisfactory;' higher or lower catalyst to 'ole?n' 
ratios may, however, be used Withinv the scope of the 
invention. - ' 

- ‘The ratio of hydrogen to carbon monoxide charged 
‘may. vary widely within the scope of ,the invention. In 
general, a mole ratio-of hydrogen to carbon monoxide 
of at least aboutl ,is employed. Suitable ratios of hydro 

‘ gen to carbon monoxide comprises thosewithin the 
range of from about 1 to, about 10. Higher or lower 
ratios may, however, be employed within the scope of 
the invention. The ratio of hydrogen to carbon monox 
ide-‘preferably employed will be governed "to some ex 
tent by the nature of the reaction product desired. If 
conditions are selected that will result primarily .in' an 
aldehyde product, only one mole of hydrogen per mole 
of carbon monoxide enters into reaction with the olefin. 
When the alcohol is the desired product, two moles of 
hydrogen and one mole of carbon monoxide ‘react with 
each-mole of ole?n. The minimum ratio ‘of hydrogen to 
carbon monoxide‘ employed will therefore generally be 
governedby the product desired. The use of ratios of 
hyrogen to carbon monoxide which are somewhat 
higher. thanv those de?ned by these stoichiorneti'ical 
values are generally preferred. ‘ ‘ _ 

.The ionexchange resins utilized to‘ prepare the‘ com 
position utilized'in this invention are well known in the 
art and are readily'available commercially. These are in 
the ‘gel form ,or are macroporous and are either strongly 
acidic, weakly acidic, strongly basic, intermediate basic, 
weaklytbasic, or mixed acid-base. The strong acid resins 
typically have base resins of cross-linked styrene, sty 
rene-divinylbenzene, phenol-formaldehyde, benzene 
formaldehyde, having functional sulfonic or phos 
phonic acid-groups attached thereto. Also suitable are 
the ?uorinated alkyl sulfonic vresins containing the 
-CFSO3H groups as, for‘example, the vNAFION ® 
type resins' supplied by E. I- DuPont DeNemours. The 
weak acid resins are those with 'carboxylic acid groups 
and are typically ‘acrylic .acid derivatives such as, for 
example, those resins prepared by the copolyrnerization 
of methacrylic acid and divinylbenzene. Another weak 
acid resin is the chelating type which'is a styrene-divi» 
nylbenzene copolymerv containing irninodiacetic acid 
functional groups which can serve as an- anion ex; 
changer at very low pH. The basic resins typically‘ have 
base resins of cross-linked styrene, styrene-divinylben; 
zene, phenol-formaldehyde, benzene-formaldehyde, 
epoxypolyamine, phenolic-polyamine having functional 
amine, either primary, seconary, tertiary or quaternary, 
or pyridinium groups attached thereto. Typical'exam 
plesof suitable commercially supplied resins are given 
-in Table I (reference: Bio-Rad Laboratories Catalogue, 
Chromatography, Electrophoresis, Immunochemistry 
and Membrane Filtration, Price List C, March 1977, p. 
11). 

TABLE r _ 

Type and Dow Chem, Di_aniond— i & Permutil ‘ Permutit 
Exchange Company Shamrock V Haas Co. Company Company 
Group Bio-Rad ""‘Doweif‘ “Duolile" “Amberlite“v (England) L (U.S.A.) 
Anion exchange resins :4 ‘ i ' _. i ‘ 

Strongly Basic, polystyrene AG llxl ' I l-Xl DeAcidite FF S-lOO 
¢~CHZN+(CH3)3CI— AG l-X2 'l-X2 V (lightly , 

AG l-X4 l.-X4 A-lOlD ' IRA-401 ycrosslinked) 
AG l-X8 1-X8 - IRA-400 CG-4OO DeAcidite-FF 
AG l-XlO l-XlO ‘ IRA-425 ' 
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_ TABLE I-continued 

Type and Dow Chem. Diamond- Rohm & Permutit Permutit 
Exchange Company Shamrock Haas Co. Company Company 
Group Bio-Rad . "Dowex” "Duolite" “Amherlite" (England) (U.S.A.) 

AG 21K 21K IRA-402 
acnm?cnoncnnomcr AG 2-x4 ‘ 2-x4 A-IOZD s-zoo 

AG z-xs z-xs IRA-410 
CHZCI- AG Z-XlO A-530 

/ Bio~Rex 9 

Intermediate BaseI 
epoxypolyamine 
R-'N+(CH3)2Cl'T and \ 

R---N +(CH3)2(C2H4OH)C1 " Bio-Rex 5 A-3OB F 5-3 l0 

' 5-380 Weakly Basic, 
polystyrene or 
phenolic polyamine 
<b-CH2N+(R)2Cl_ AG 3-X4 A WGR A-6 IR-45 G 8-300 

A-7 IR-4B 
A-4F IRA-68 3-350 

mm 
Strong Acidic, phenolic 
R-—CHZSO3 ‘H + Bio-Rex 40 C-3 Zeocarb 215 
Strong Acidic, polystyrene 
d>-S()3“l—l+ AG SOW-Xl SOW-Xl 

AG 5OW~X2 SOW-XZ IR-ll6 
AG-50W-X4 50W-X4 IR-ll8 Zeocarb 225(X4) 
AG SOW-XB sow-x8 , C-ZO IR-l20 Zeocarb 225 Permutit Q 

‘ ’ CG-lZO 

AG SOW-XlO 50W-Xl0 C-20Xl0 lR-l22 Q-lOO 
AG SOW‘XlZ 5OW-Xl2 C-ZOXIZ IR-l24 Q-l 10 
AG 5OW-Xl6 50W-Xl6 Q-l30 

Weakly Acidic, acrylic 
Rr-COO_Na+ Bio-Rex 7O IRC-SO ‘ Q-ZlO 

- CC-3 CG‘SO Zeocarb 226 
Weakly Acidic, 
chelating resin, 
polystyrene 3' 

CH2CQO—H+ Chelex I00 A-l 

¢~CHzN 

CH2COO_H+ 
MacroErous resins 
Strong Base, polystyrene 
dJ-CHZN +(CH3)3Cl _ AG MP-l MSA-l A-l6l IRA-900 
Strong Acid, polystyrene 
42-503 _ H + ' AG‘ MP-SO MSC-l C~25D 200 
Mixed bed resins I 

¢-so3—ri+ & AG SDI-X8 GPM-33l MB-l Bio-Demineralit M-lOO 
¢-CHZN+(CH3)3OH- G 

The preferred resin choice for the composition used 
in thisinvention will depend on the particular ionically v50 
bondable moiety utilized on the linking compound as 
well as on the particular use envisioned for the composi 
tion. For example, if the composition were used in liq 

‘ uid-phase catalysis, the composition and pH of the liq 
' .uid would determine the preferred resin to be utilized. 

The linking compound is hydrocarbyl, i.e., alkyl, 
aryl, or mixtures of aryl and alkyl components, which 
can be either cyclic or acyclic or mixtures thereof con 
taining from 1 to about 100 carbon atoms, preferably 

' from'about 3 to about 80 carbon atoms and has at least 
two moieties containing an atom other than carbon. 
At least one moiety is in the ionic or ionizable form 

and is compatible with the exchange group on the ion 
exchange resin, i.e.,_when the exchange group is acidic 
the resin-compatible io‘riic ‘moiety on the linking com‘ 
pound is‘basic-derived 'a‘nd ‘vice versa. The acidic 
derived resin compatible i‘ionimoiety is derived from 
carboxylic acid (RCOf), phosphonic acid (RPO(OH 

)O—), phosphinic acid (R2POO"), sulfenic acid 
(RSO-), sul?nic acid (RSO'O~), sulfonic acid (RSO 
20“), b'oronic acid (RB(OH)O—) boronous acid 
(RBO'). The basic-derived resinicompatible ion moiety 
is monohydrocarbyl ammonium (RN+H3), dihydrocar 
byl ammonium (RZNi'HZ), trihydr’ocarbyl ammonium 
(R3N+H), quaternary ammonium (R4N+), pyridinium 
(RC5H4N+R1), phosphonium (R4P+), arsonium 
(R4As+), and sulfonium (R3S+). 
The linking compound may have more than one of 

55 

60 
the ionic moieties. It may be polyfunctional, for exam- ' 
ple, in carboxylate ion, in phosphonate ion, in sulfonate 
ion, in quaternary ammonium ion, in pyridinium and the 
like. The polyfunctional ' group may be the same or 
different. _ 

At least one other moiety of the linking compound 
has an atom capable of complexing with metals from the 
transition element series, and consists of trivalent nitro 
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gen, trivalent phosphorus, trivalent arsenic, trivalent 
bismuth, and trivalent antimony. 
The three valences of the complexing atoms may be 

satisfied by any organic radical; saturated or unsatu 
rated aliphatic, and/ or saturated or unsaturated hetero 
cyclic and/or aromatic radicals. These radicals may 
contain any functional group such as carbonyl, nitro, 
and hydroxy groups as well as saturated and unsatu 
rated alkyl groups and the radical may be bonded to the 
complexing atom directly through a carbon-complexing 
atom linkage or through an electronegative atom such 
as oxygen or sulfur. ' 

It is also suitable for a simple organic radical to satisfy 
more than one of the valences of the complexing atom, 
thereby forming a heterocyclic compound with the 
trivalent complexing atom. For example, an alkylene 
radical may satisfy two of the valences thereby forming 
a cyclic compound. Another example would be the 
alkylene dioxy radical to form a cyclic compound 
where oxygen atoms link an alkylene radical to the 
complexing atom. In these two examples, the third va 
lence may be satis?ed by any other organic radical. 
The linking compound may have more than one of 

the metal-complexing moieties. It may be, for example, 
polydentate in phosphorus atom, e.g., it may be bi- or 
tridentate, having one or three phosphorus atoms. It 
may have mixed complexing atoms, e.g., a phosphorus 
and arsenic atom or two phosphorus atoms and one 
nitrogen atom, etc. 
The trivalent nitrogen atom will be present as an 

amine, i.e., as a primary, secondary, tertiary, quaternary 
amine or as pyridine or cyanide. The trivalent phospho 
rus will be present as phosphine (R313), phosphinite 
(ROPRZ), phosphonite (RO)2PR and phosphite 
((RO)3P). Correspondingly, trivalent arsenic will be 
available as arsine, arsinite, arsonite and arsenite; triva 
lent bismuth as bismuthine, bismuthinite, bismuthonite 
and bismuthite; and trivalent antimony as stibine, stibi 
nite, stibonite and stibite. The preferred complexing 
atoms are phosphorus and nitrogen. The tertiary 
amines, phosphines, arsines and stibines and bismuthines 
have a marked tendency to form nonionic complexes 
with metals. 
When the linking compound is polydentate is an ion 

izable heteroatom, it is understood that there will be a 
statistical distribution of the ionized atoms upon quater 
nization or protonation. For example, if one mole of a 
linking compound which contains 3 amine groups is 
protonated with 2 moles of HCl, then some of the mole 
cules of the linking compound will have 3 quaternized 
amine groups, some will have 2 and some will have 1, 
but on the average there willbe 2 quaternized amino 
groups per molecule. It is further understood from gen 
eral principles of organic chemistry that unit charges 
resulting from quaternization and protonation can be 
distributed as partial charges over several heteroatoms 
in a linking compound molecule. 
Thus the linking compound as reacted in the compo 

sition used in this invention will have at least one proto 
nized or quaternized heteroatom and at least one hetero 
atom complexed with a transition element metal. Suit 
able linking compounds utilized in making the composi 
tion used in this invention include but are not limited to 
the following examples: 
tris(dimethylamino)phosphine 
tris(diethylamino)phosphine 
tris(diisopropylamino)phosphine 
tris(methylethylamino)phosphine 

h. 
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8 
tris(p-dimethylaminophenyl)phosphine 
tris(p-diethylaminophenyl)phosphine 
tris(p-methylethylaminophenyl)phosphine 
tris(o-dimethylaminophenyl)phosphine 
tris(m-dimethylaminophenyl)phosphine 
tris(dimethylaminoethyl)phosphine 
tris(dimethylaminoethyl)phosphite 
ethylbis(diphenylphosphinoethyl)amine 

Substitution of phosphinites, phosphonites, phos 
phites for the phosphine in the above compounds as 
well as arsines, arsinites, arsonites, arsenites, bismu 
thines, bismuthinites, bismuthonites, bismuthites, stib 
ines, stibinites, stibonites, stibites and amines produces 
linking compounds useful in preparing the compositions 
used in this invention. Other suitable compounds are: 
2-(P,P-diphenylphosphino)benzoic acid 
tris(beta-aminoethyl)amine 
2-chloronicotinic acid, and 2-caboxypyridine 
l,1-dimethyl-4-phenylpiperazinium salt 
2,2'-alkylarsino- l , l '-diphenylamine 
2-(P,P-dicyclohexylphosphino)benzoic acid 
beta-(dicyclohexylphosphino)propionic acid 
l,4-(P,P-diphenylphosphino)benzene 
Z-diphenylphosphino-3-carboxy-2-butene 
2-(P,P-diphenylphosphino)benzene sulfonic acid 
Z-amino-s-triazine 
1-diphenylphosphino-2-diphenylphosphinoethane 
tris-(N,N-diarylaminoethyl)phosphite 
tris(N,N-diarylamino)phosphine 
3-(dialkylphosphino)benzene phosphonic acid. 
Thus, the organic linking compound is hydrocarbyl 

with at least one moiety capable of coordinate bonding 
and at least one moiety capable of ionic bonding. The 
primary limitation on the organic linking compound is a 
functional one, i.e., one moiety must be capable of coor 
dinate bonding and the other moiety must be capable of 
ionic bonding. These moieties are well known to those 
skilled in the art. 
The metals or metallic elements which are bonded to 

the ion exchange resin and also complexed with the 
linking compound are selected from the group consist 
ing of cobalt, ruthenium, palladium, platinum and rho 
dium. 
The complexed metals can be in various oxidation 

states. See “Complexes of the Transition Metals with 
Phosphines, Arsines and Stibines”, by G. Booth, Adv. 
Inorg. Nucl. Chem., 6, 1-69 (1964) for a comprehensive 
description of complexes. For example, the Booth refer 
ence cites the following oxidation states for metals com 
plexed with phosphines. 

TABLE III 
Oxidation State for 

Metal Stable Phosphine Complexes 

Ru 0, 2, 3, 4 
Co 1, 2, 3 
Rh 0, 1, 3 
Pd 0, 2 
Pt 0 2 1 

Articles dealing with the complexing of amines with 
metals are “Inorganic Complexes”, Jorgensen, C.K., 
Academic Press 1963, chap. 4 and “Chemistry Coordi 
nation Compounds”, Bailer (Ed), Am. Chem. Soc. 
Monograph Series 131, 1956. The above references cite 
the following oxidation states for metals complexed 
with amines. 
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~ -.. TABLE 1w,‘ , . 

‘ “Oxidation-‘Stated "“ ‘ I 1‘ 
Metal - : " 7 Stable Amine Complexes 

Ru 2, 3‘ H 
CO .2, 3 ‘ 

Rh ~ - 3 , ,. 

Pa , l. 2 , , i 

‘Pr ‘ ‘ 0, 2, 4 . 

. The inetal is not 9913* complexesi with theiinking 
compound but is also bonded directly to the ion ex 
change resin. The metal will be typically ionically 
bonded to the resin when‘the ‘re’sin has acid functional 
groups attached thereto, such as for examples_,-,sulfonic 
acid ‘groups, phosphonicacid groups, ?uoridated alkyl 
sulfonic ' acid groups, carboxylic acid groups, ‘and 
iminodiaceticacid groups“ Covalent bonding, occurs 
when the ionexchange resin has basicfunctional'groups 
attachedsthereto spchUas, ,forvex‘ample,v amino groups, 
either primary, secondary, tertiary oriquarternary, or 
pyridiniumgroups or iminodiacetic acid, groups, l The-.ycompositionpf the invention, may have more. 

than. one transitionelernent metal present. {The composia 
tion may‘ also have the_metal(s)_ coicomplexed with" 
otherli‘gandsjin addition to the-linking compound. ;For 
example, from theabgve-noted Boot-h reference the 
metal complexed moiety of the composition‘ could have 
the following form ‘and ' still,_;_be within ‘the scope of ‘ the; 
invention, I i.e",,\ MZKOAIHB. Xc (CN'1‘)D(CO)E(~ 
NontcojaiPynxacacntasRMNRMPRQL , (SnX3T')M.(-GeX3T)M(ca1Tb)NPQ(Fu"°t-)Rw: a I 

Table Ill y=O tolin mononuclear;t_o polynuclear cluster: 
, Mz'=_,inetal in oxidation state shown in'Tabjle IIror-i 
Table III z,'=‘0,-to_n mononuclear or mixed metal poly-. 
nuclear clusterfwherexn is ‘:an'integer-greater than 0 

(C0)=carbonyl where: E=hl to n when yen->41 > ~ ‘ ~ 

.. Cp.=.cy,clopentadienyl .tvhere (i=0 to.‘ ‘3_. when» 

(ASR3) =varsines, where R=H, alkyl or aryl and J = i 
to 5 when y+z=] or J=l to n when y+z>l the arsine 
also may‘ be of the chelating type or contain mixed,"= 
donating atoms e.g. 

, that.) 

(NR3)=amines, where alkyl, or aryl and K =,_O_ 

. My;metal,in_-oxi_dation_ statexshowny in Tablellor: 

I; ‘I when 
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amines,’ a chelating “ligand may be with arsines, and’ 

employed?“ , _ 

(SnXr) or;GeX3f)=trihalostannyl or trihaloger 
myl where X=F, Cl,,-Br, Land M =0 to 5 when y+z=l 

,, (Carb) =>carboxylate where N=0 to 
or,N.==,l ‘to. n when y+]z>5l V , , , 

¢,~P=,the».br_idging moiety/ligand between the metal 
and the resin support and ¢Q=l to n. . ' = ' 

<, (Funct.),=functional ion exchange group- attached to 
the iomexchangeresin and R'=l1 to n; 1 -' 

In general .jzterms, this invention is-a process for hy 
droformylatingiole?ns which comprisesltreating ‘said 
ole?nswith carbon monoxide and hydrogen at hy 
droformylation' conditionsin the presence of a ‘catalyst’ 
comprisingaan' ion exchange resin, ametal selected from 
the group consisting of cobalt,.ruthenium-, palladium, 
platinum and?rhodiurn and which is directly/‘bonded 
eitl'ie’r coordinately ionically to the‘ion exchange 
resin, and an organic linking compound which has at 
least one moiety coordinately bonded to the metal and 
further hasat gleastyofne moietyv vwhich is ionically 
bonded ‘,to the _,i_ori exchange resin. 'In particular, the 
piqcésstiivilllv?l'iie' asiebéndina- Q11 ,- the ion exchange 
resinfeitherf‘acatalygt comprising: I , .~ 

:‘,(a):‘ari‘ion exchange resin having a strongly acidic, 
weakly?‘ ‘J,- or; :rnixe'd I .facidi-base type functional 

' a metal. or element, selected frorn'the groupcon-u 
sis‘ting, I of ,cobalt, ‘jri'ithl’enium, tpalladiurn, , platinum or 
rhodium‘ and,‘ vwhich. ,is / directly bondedpeither coordi 
natelyior, ionically to the'ion exchange resin; and ,; ; 

i(c)lta_n_ organic linking-compound of from v,1 to about 
100 carbon atoms’which has at least one moiety selected 
from the group consisting of trivalent nitrogen, triva 
lent phosphorus, trivalent arsenic, trivalentwbismuth and 
trivalentantimony which is coordinately bonded to said. 
elementoand furtherrfhas at least one moiety, selected 
from the group consistingv of monohydrocarbyl ‘ammo-x 
nium,,dihydrgcar;byl ammonium, trihydrocarbyl ammo 
niurn, quaternarydammonium, ‘pyridinium,1, phosphoy 
niurn,__arsoniurn and sulfoniurn ion which is- ionically 
bonded to the ion-exchangeresin or a catalyst compris 
mg: ,_ .-, ,1; . , ‘ Y. ‘ ' 

I,(l) an ion exchangeresin having _a basic-type func 
tional group, - = ~ “ ‘ 

(2) a metal or element selected from the group con 
sisting of cobalt, ruthenium, palladium, platinum, and 
rhodium: andwhich» is directly bonded either coordi 

, nately or ionically to the ion exchange resin; and 

arsines, a 'chelating'qr; ‘mixed’ donor, chelatirig" ligand 
may‘be'employed; v c ’ '- -- ' ‘ 

(PR3) = phosphines ,were 

-65 

iIii-4H, alkyl, or‘ar-yl,"aiid ' 

‘(3) an_;_,organic linking compound‘of from 1 .to about 
lQOIcarbon ‘atoms which has at least one moiety-contain; 
ing a heteroatom selected from the group consisting of ~ 
trivalent nitrogen, trivalent phosphorus, trivalent ar 
senic, trivalent bismuth and trivalent antimony which is 
coordinately bonded to said element and further has at 

.,_least_ one-moiety derivedpfrom the group consisting of 
carboxylic acid, phosphonic acid, phosphinic acid, sul 
feniohacid, sul?nic acid, sulfonic acid, ~bor0nic acid and 
boronous acidwhich. is ionically bonded tothe ion 

exchange resin. 1 :i -- 1 1 <- 1 i ' The composition of this invention and preparation 

thereof is described by the following illustrative em 
bodimentsiwhich are .provided for illustration and'are 
vnot construed as limiting the invention. 
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ILLUSTRATIVE EMBODIMENTS 
The catalyst preparation procedures described were 

carried out in- nitrogen-?lled dry boxes. The solvent 
benzene was puri?ed by distillation over Cal-I2, all other 5 
solvents ‘were of reagent-grade and used as supplied. 
The phosphine [(CI-I3)2NC6H4]3P, was used as supplied. 
The quatemized aminophosphines were prepared by 
reaction of one equivalent of CH3Br with‘an amino 
phosphine in toluene solution at room temperature. The 
quatemized aminophosphine precipitated'readily from 
the toluene solution. The resins are indicated by (resin 
backbone)-(exchange group), e.g. a sulfonated styrene 
divinylbenzene resin would .be (styrene'divinylben- l 
zene)-(SO3-), etc. Ph, C(5H5v and ¢~are used as abbrevia 
tions for phenyl; -—-¢‘—' and 'C6H4 indicated p-sub 
stituted benzene moieties. 1 l‘ 1‘ 

PREPARATION OF THE COMPOSITIONS OF 
THIS INVENTION 4 r . 

Example 1 

Preparation of carboxylated acrylic‘ resin/Rh III. 
A‘ 10 gram quantity‘ of carboxylated acrylic resin 

Bio-‘Rex 70 (10.2 meq/g'rn) wasistirred with ll‘liter of l 
N NaCl at room temperaturev for 60 minutes. The solid‘ 
was collected ‘by ?ltration and‘ the procedure repeated. 
The materialwas then washed thoroughly with dei'onl 
ized water and 23.4 ml of a 0.5%w solutionf of 3 
Rh(NO3)3' in water. The combined materials were 
stirred overnight at room'temperature. Atth'eend of 
this time period, the material wascoll'ect'ed by vacuum 
?ltration and washed with deionized water'until‘the 
washings were ‘colorless. The material ‘air dried.’ 3 

Example 2 
Preparation of carboxylated acrylic resin/Rh III/ 

methyl quatemizedv [(CH3)2NC6H4]3'P compound. 
A 9.0 gram lot of the materialprepare'd in Example 1 

was added ‘to a solution of 2. liters of a'c'etoneiwater ( 1:"! 
v/v) which contained 2.0 gm (4.1 mmol) of methyl 
quatemized [(CH3)2NC5H_4]‘3P.-These materials were 
stirred overnight at room’ temperature and 3the solids 
collected by vacuum ?ltration. The material was then 
washed with an acetone solution, a water solution, and 
?nally air dried. The material was analyzed to contain 
0.l0%w Rh. ‘ ' " 

‘ Example 3 I , 1 

Preparation of phosphinated styrene‘diviny‘lbenzene‘ 
resin/RhIII. i I" Y 

A 10 gram lot of Bio Rex 63 (microreticular gel. 
phosphinated, 6.6 meq/gm) was treated as described‘in 
Example 1. 1 - - ' = ' 

5 

Example, 4 I 

Preparation of phosphinated styrene-divinylbenzene 
resin/Rh III/methyl quaternized [(CH3)2NC6H4]'3P 
compound. a ' 

A 9.0 gram‘ lot of the material prepared in- Example 3' 
was treated with the quatemized aminophosphine as 
described in Example 2. Rh analysis 0.45%w. ' 

Example 5 ' 

Preparation of sulfonated styrene-divinylbenze'ne 
resin/Rh III. 

25 

0 

5 

45 

0 
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A 10 gram lot of Rohm and-Haas XNlOlONa (mac 
roreticular resin, 3.6 meq/grn) was treated in a manner 
similar to that described in Example l._ 

Example 6 
Preparation of sulfonated vstyrene-clivir'iylbenzene 

resin/Rh III/quaternized [(CH3)2NC6H4]3P com 
pound.~- ~ ~ - > ' ‘ 

A 10.0 gm lot of the material prepared in Example 5 
was treated‘with "the quatemized aminophosphine as 
described in Example 2. Rh analysis 0.45%w: ' ' ' 

¥ -. Example7v 

Preparation ‘of sulfonated styreneidivinylbeniene 
resin/[(CI-Ig); NC6H4]3P/platinum-tin cationic complex 
composition. " ‘ ' ’ ' 

The aminophosphine [(crmiNc?Hzl'sP (14.0 g, 35:8 
mmol)-was dissolved in '1000 ml warm benzene, cooled 
to room temperature", and ?ltered into a'2-1' round-bot’; 
tomed ?ask‘ quickly. ‘1010 G ‘of XN'l010I-I+"io'n?ex 
change resin‘was added, and‘the mixture stirred mag 
netically on side of'flask‘ for 72 ‘hours. The‘ resin was 
then ?ltered, washed with benzene and vacuum dried in 
oven (40° C). Analysis showed'a resin/ligandmaterial 
having vthe approximate rbrmula (styrene‘divinylbeii 
Zene)-'(S0s-—)1.s[(l(CH3)2NC6H4]3P)(H*hpsl- . ' 

A CHgClj solution of the‘ platinum- complex 
PtCl(CO)’ [P(C6H5‘)_3]2+ CIO4- was'prepared by the 
addition of 030g (1 .4 mmol) of anhydrous 'AgClO4 to a' 
solution of "PtCl2[P(‘C5Hv5)3]2(l.O5 "g, ‘1.3 tn'inol) dis 
solved in 40 ml of (DO-saturated CI-IZCIZY. The CI-IZCIZv 
solution ‘was stirred under "40 psi"=of-‘CO for"; hr, and 
?ltered. To" the 'i'esultant ?ltrate‘ was added 5.0 glo‘f the 
XNlOlOH+ rés'in/ligand'inaterial ‘prepared'as described 
above, mixed together on a rotator for approximately 70 
hours and ?ltered.‘ The'resultant resin " material was 
added to a solution of 5.0 g (22.2 mmol) of’SnCb. ZHEO 
dissolved in 450 m1 of acetone, mixed'on rotator for 1 
hour, ?ltered, soxhletfextracted withre?uxing’benzene 
for 4 hours, and dried in "vacuum oven overnightat 
approximately 40° C. Analysis showed a‘composition 
having the approximate formula (styrene-divinylben 
Zene)-($03-—)1.s[([(CH3)iNC6H4]s Th 

e 
analytical results are'shown in Table V‘ below. 

TABLE v ,, 
ANALYTICAL ANALYSIS OF . 

PLATINUM-TIN/PHOSBHlNE/RESIN CATALYST 
. ,-A"?ly.si$ . 

Neutron Activation Elemental vRelative Molar Value 
w % ' wt % 1 (carbon = 100) 

c _ “57.8; I _ ‘ I00 , 

H ‘— 5.56 ' ' ll6 

sv . _ 1 ‘17.05: ‘4.6’ 

N’ __ “1.32. v 2.0 
P l.6 1.59 . 1.] 

Sn 7.0 5.82 1.0 
CI -— 3.55 2.] 

Pt 2.0 ‘1.83 0.20 

Example 8 v _ _ 

Preparation ‘ of ‘Q sulfonated s'tyr'ene-divinylberizene 
resin/niethylquate’rnize'd ([(CH3)2NC§H4]3P/platinum1 
tin l-cationi'c complex composition. The quatemized 

.tg‘(2‘l.l mmol))‘.was. dissolved in 1900 ml of an aceto 
ne/H2O (‘l2r7vv/v) solution. 12.0 Grams of XNlOlONa 
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ion-exchange resin (prepared by exhaustive ion-ex 
change of XNl0l0H+ with 10 l of ‘l N NaCl or when 
the pH of the ef?uent wash was neutral) was added. 

14 
TABLE VI-continued 

HYDROFORMYLATION WITH 
The mixture was side-stirred for 48 hours, ?ltered with ' ' PLATINUM/TIN CATALYSTS 
suction, and the resin washed with 5X 100 deionized 5' Example-l 100 1500 52 19'3 

. . . o 1 35.6 1120, then vacuum dried in an oven overnlght (45 C.). 44 400 
Analysis showed a resin/ligand material having the Example 7 100 3000 4 - 15.1 
approximate formula (styrene-divinylbenzene)¢ 10-5 36~1 
(so;—>1<1(cH3>2Nc6H413P)<cH3+11. My“ ‘33 3% 33 21-3 

a The material of this example was prepared in a similar 10 24 4:7 
manner as in Example 7 except that the XNlOlONa 45 l 2.4 
resin/ligand material prepared as described above was 
used. Analysis showed a composition having the ap- selectivities, % ' C7-ald Pt leach Rate 
proximate formula (styrene-divinylbenzene)- C7-ald hexane linearity (%) ppm/hr m/m/hr 

' ($03“)l([(CH3)2NC6H4l3P) 15 . 96.5 3.5 94.3 ' 

(CH3+)][(PtCl(C0)[P(C6H5)3]2)(SnCl2)+]0_02. 96.3 3.7 93.9 . 
' 95.5 4.5 93.2 undetectable 170 

PROCESS UTILIZING THE COMPOSITIONS OF 96.3 3.7 94.0 
. THIS INVENTION 94-5 5x2 931 

93.5 6.2 92.4 undetectable 170 
Example 9 20 95.2 2.4 91.1 

Hydroformylation or Hexene 3312 3331 33:? 1.132211. ‘8° 
To a 300-ml, ss Magnedrive autoclav (stirred at 600 95.5 4.5 90.4 

rpm) was added 70 ml of benzene, ‘2.0 ml of n~decane 94-6 5-4 88-2 ~ 19 
(internal standard), 20.0 ml (160 mmol) of l-hexene, and 93‘7 6'3 8L6 

of the catalysts as listed below’ The solution was 25 a Homogeneous reaction, amount ol‘catalyst(PtClZ(Pq>3)2, SnCl2) identical to that 
_ . , on Example 7 above. deoxygenated with nitrogen. Synthesis gas (CO/H2, 

1:1) was then charged to the reactor and the reactor was . ‘ 
heated to the appropriate temperature listed below. Example 10 
Conversions and selectivities were _ obtained. by gas 30 nydrofo‘rmylation of 1,5‘_Cycno6ctadiene 
chromatography; leach rates by atomic absorptlon. The To a 300ml, Ss_Magnedrive autoclave (Stirred at 600 
leach rates are extremely low, 1n many cases undetect- r-m‘p) was added 15 gm (138 mmol) of l,5_cyc1o0ctadi_ 
able‘ Results are given m Table VI‘ ene, 70 mls‘of THF solvent, 2 gm (10.1 mmol) of tetra 

TABLE VI decane (markert), and 0.5 gm of catalyst material. The 
HYDROFORMYLATION WITH 3 5 solution was deoxygenated with nitrogen. Synthesis gas 
PLATINUM/TIN CATALYSTS’ (CO/H2 1:1; 1000-1500 psig) was then charged to the 
Temp. Pressure 1 The Cow reactor and the reactor was heated to 80°-90° C. Con 

Catalyst ‘C. psig hr % _ versions and selectivities were obtained by gas chroma 
Example 7 so 3000 10 16.4 tography; leach rates by atomic absorption spectros 

24 39.1 copy. Results are given in Table VII. 
44 52.7 5 

TABLE VII . 

HYDROFORMYLATION OF 1,5-CYCLOOCTADIENE , 

' ‘Total I 

Press‘. \ 

Time (psig) 1Conv. 
Catalyst (hr) Ave. (%) > 1,3-COD 

Example 6 1.0 1300 17.0 50.8 
2.0 34.2 48.7 
3.0 80.6 . 45.5 

4.0 96.3 43.2 
5.0 99.1 45.6 

Example 6 5.0 11.8 61.1 
(?rst recycle) 6.0 25.7 65.3 
Example 2 4.0 1050 28.4 90.3 
Example 4 4.0 1000 18.6 85.2 

I Mat. Amt. Rh. 

M Total to Ba]. Catalyst Leaching 
4-CHOC3 x-Cl-IOCg: CHOCg“ CHOCg: (%) (mmol) (ppm/hr) 

49.2 0 0 49.2 0.0214 
51.3 0 - 0 51.3 

53.5 1.0 , trace 54.5 

52.7 3.7 0.3 56.4 
48.2 6.2 0.3 54.4 106 2.5 
38.9 0 0 38.9 
34.7 0 0 34.7 86 0.0118 0.17 
9.7 0 0 9.7 91 0.534 0.2 

14.5 0.4 0 14.9 92 0.0219 1.0 
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Illustrative Example II 

Repeating the hydroformylation process of Example 
9 with resin/cobalt/ligand, resin/ruthenium/ligand and 
resin/palladium/ligand catalysts will product substan 
tial amounts of the C7 aldehyde from the hexene. 
We claim as our invention: 

1. A process for hydroformylating ole?ns to the cor 
responding alcohols and/ or aldehydes which comprises 
reacting said ole?n with carbon monoxide and hydro 
gen at hydroformylation conditions including a temper 
ature in the range of from about 40° to about 160° C. and 
a pressure in the range of from about 1 to about 500 
atmospheres, in the presence of a catalyst comprising: 

(a) an ion exchange resin having a strongly acidic, 
weakly acidic, or mixed acid-base type functional 
group, 

(b) a metal selected from the group consisting of 
cobalt, ruthenium, palladium, platinum and. rho 
dium and which is directly bonded either coordi 
nately or ionically to the ion exchange resin, and 

(c) an organic linking compound of from 1 to about 
100 carbon atoms which has at least one moiety 
which contains a heteroatom selected from the 
group consisting of trivalent nitrogen, trivalent 
phosphorus, trivalent arsenic, trivalent bismuth 
and trivalent antimony which is coordinately 
bonded to the metal and further has at least one 
moiety which is selected from the group consisting 
of monohydrocarbyl ammonium, dihydrocarbyl 
ammonium, trihydrocarbyl ammonium, quaternary 
ammonium, pyridinium, phosphonium, arsonium 
and sulfonium and which is ionically bonded to the 
ion exchange resin. 

2. The process of claim 1 where, in the catalyst, the 
functional group of the ion exchange resin is selected 
from the group consisting of sulfonic acid, ?uorinated 
alkyl sulfonic acid, phosphonic acid, carboxylic acid 
and aminocarboxylic acid, the ionically bonded moiety 
is selected from the group consisting of monohydrocar-, 
byl ammonium, dihydrocarbyl ammonium, trihydrocar 
byl ammonium, quaternary ammonium, pyridinium and 
phosphonium and the coordinately bonded moiety con 
tains a heteroatom selected from the group consisting of 
trivalent nitrogen and trivalent phosphorus. 

3. The process of claim 2 where, in the catalyst, the 
ion exchange resin has a back-bone selected from the 
group consisting of polymerized styrene, styrene-divi 
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16 
nylbenzene, phenol-formaldehyde, benzene-formalde 
hyde, acrylic acid and methacrylic acid. 

4. The process of claim 3 where, in the catalyst, the 
metal is selected from the group consisting of cobalt, ' 
platinium, and rhodium. 

5. The process of claim 4 Where, in the catalyst, the 
metal is selected from the group consisting of platinum 
and rhodium. 

6. A process for hydroformylating ole?ns to the cor 
responding alcohols and/ or aldehydes which comprises 
reacting said ole?n with carbon monoxide and hydro 
gen at hydroformylation conditions including a temper 
ature in the range of from about 40° to about 160° C. and 
a pressure in the range of from about 1 to about 500 
atmospheres, in the presence of a catalyst comprising: 

(a) an ion exchange resin having a basic-type func 
tional group, 

(b) a metal selected from the group consisting of 
cobalt, ruthenium, palladium, platinum and rho 
dium and which is directly bonded either coordi 
nately or ionically to the ion exchange resin, and 

(c) an organic linking compound of from 1 to about 
100 carbon atoms which has at least one moiety 
derived from the group consisting of carboxylic 
acid, phosphonic acid, phosphinic acid, sulfenic 
acid, sul?nic acid, sulfonic acid, boronic acid and 
boronous acid which is ionically bonded to said ion 
exchange resin and further has at least one moiety 
which contains a heteroatom selected from the 
group consisting of trivalent nitrogen, trivalent 
phosphorus, trivalent arsenic, trivalent bismuth 
and trivalent antimony which is coordinately 
bonded to said metal. 

7. The process of claim 6 where, in the catalyst, the 
functional group of the ion exchange resin is selected 
from the group consisting of primary, secondary, ter 
tiary, quaternary amine and pyridinium and the ionic 
ally bonded moiety is selected from the group consist 
ing of trivalent nitrogen and trivalent phosphorus. 

8. The process of claim 7 where, in the catalyst, the 
ion exchange resin has a backbone selected from the 
group consisting of polymerized styrene, styrene-divi 
nylbenzene, phenol-formaldehyde, benzene-formalde 
hyde, epoxypolyamine and phenolic-polyamine. 

9. The process of claim 8 where, in the catalyst, the 
metal is selected from the group consisting of cobalt, 
platinum and rhodium. 

10. The process of claim 9 where, in the catalyst, the 
metal is selected from the group consisting of platinum 
and rhodium. 

Ik * * * * 


